This paper presents the analyses conducted on data acquired by the monitoring system of the "Regina Montis Regalis" Basilica of Vicoforte in the decade 2004-2014. The Basilica is a building of great historical, architectural and structural significance, owing its fame to its impressive masonry oval dome, the world's largest of this shape (internal axes of 37.23 by 24.89 m).
INTRODUCTION
Historical structures are subjected to ageing effects and require expensive maintenance and surveillance against accidental events in order to preserve them. A monitoring system has the purpose of recording the variations of some significant parameters such as crack openings, tilting, deformations, thermal variations, etc [1] [2] . Monitoring systems are used in different situations, among which: (i) recording of evolving phenomena such as soil settlements; (ii) checks on the efficacy of structural interventions and safety measures; (iii) control of the behaviour of the structures when there are works in progress and (iv) as an alternative to interventions, limiting the actions on this monumental structure. Specialised sensors are put in place to monitor the evolution of different structural phenomena (crack opening, deformations, stress, etc.) and environmental conditions (temperature, external load, etc). Knowledge of the environmental conditions plays a fundamental role in order to identify and understand the actual evolution of structural phenomena.
The data acquired from monitoring systems will be inevitably affected by the environmental conditions and many other factors, whose effect on trends is removed recurring to data cleansing and processing tools.
Generally, long-term monitoring data can improve the accuracy of numerical model of ancient masonry structures, characterised by many uncertainties. Corroborated models can predict the response of buildings to future loads (such as seismic actions) and the efficacy of strengthening interventions.
In order put this study in a more general context, it is worth recalling a few examples of static monitoring systems installed on some important domes [3] [4] [5] [6] [7] [8] [9] . The case of S.
Marco Cathedral in Venice is an example of long-term monitoring system. Installed in 1991 after diagnostic interventions, it has provided interesting results, also due to the methodological approach used to analyse the acquired data, allowing a separation of the strains induced by thermal effects F o r P e e r R e v i e w from those related to other phenomena [7] . Data from structural monitoring of historical buildings can be also used to confirm and corroborate previous analytical or numerical studies: this is the prominent case of the Santa Maria del Fiore's dome in Florence [3] [4] [5] [6] . The dome presents an ancient and widespread crack pattern extensively analysed in the literature. Three main hypotheses have been suggested about the damage suffered by the dome: (i) the excessive weight of the dome; (ii) differential settlement phenomena at the foundations; (iii) temperature. After the installation of two monitoring systems and the analysis of the data acquired along a period of sixty years, the first hypothesis seems to have found a definitive confirmation, though temperature variations and soil settlement certainly worsened the structural damage. Another interesting example of static monitoring concerned the Santa Maria del Quartiere hexagonal dome in Parma, whose structural behaviour was investigated in order to define future interventions or different measures [8] [10] . The three mentioned buildings are perhaps the objects of the most significant and complex monitoring programs realised on historical monuments, not only for the huge number of sensors installed but also for the exceptional duration of measurement period [6] .
As stated before, monitoring is a desirable practice also to assess the performance of strengthening interventions on historical buildings [7] [8] . In fact, a structural health monitoring (SHM) system is able to evaluate the structural behaviour during all the phases of the interventions and allows to modify the design solutions during the strengthening procedure, according to the actual deformation behaviour observed through the monitoring system. This was, for instance, the case of the interventions on Santa Maria Gloriosa dei Frari in Venice [7] .
The static monitoring systems installed in the "Regina Montis Regalis" monumental complex combines most of the features recalled in the above mentioned cases. In fact, such monitoring concerns the evolution of a cracked state due to a progressive foundation settlements in a daring structure. Furthermore, the system has been installed in order to monitor the stability of the dome and the structural performance of an important strengthening intervention.
In the past years analyses were occasionally performed on static and dynamic monitoring data acquired on the "Regina Montis Regalis" Basilica, as documented in [11] [12] [13] . This article reports a systematic analysis of the data acquired from 2004 to 2014 by the monitoring instruments installed on the Basilica. Special attention was focused on the trends extracted from the periodic measuments performed by the crackmeters, the extensometers along the main axes of dome and the load cells placed at the ends of the tie-bars. The "Regina Montis Regalis" Basilica is a monument of great historical, architectural and structural significance, owing its fame primarily to the great masonry oval dome. With internal axes 37.23 by 24.89 m, the dome is one of the largest in the world (after the Pantheon and Saint Peter in Rome, S. Maria del Fiore in Florence and Gol Gumbaz Mausoleum in India). The geometry of the dome was conceived by Francesco Gallo, who supervised to its construction in the years 1672-1750 [11] . 
Cracks pattern and strengthening systems
The Basilica of Vicoforte is affected by a widespread system of cracks encompassing various zones of the structure. Despite this, the most significant cracks are located at the impost of the dome and in correspondence of the buttresses base (Figure 2-a) .
The development of the cracks at the dome impost was facilitated by the triple windows of the drum and by the oval windows of the dome. Building a dome-drum system with large openings was driven by the need of reduce the foundation loading. Indeed, the excessive foundation loading and the nature of the foundation soil [14] tangents around the perimeter at 4 different levels (see Figure 3 and Figure 4 ). The continuity of the strengthening system is obtained through an anchorage system appositively designed and depicted in Figure 4 . The tie-bars slightly tensioned at 50 kN by jacks were re-tensioned in 1997 to compensate the stress losses [12] . This strengthening system probably collaborates with the three iron circular rings embedded at the base of the dome during its construction in 1734 (see Figure 3- b), whose integrity was checked by an Impact Echo Scanner survey [14] . The total cross section of The layout of sensors whose data were analysed are reported in Figure 5 and 
Seasonal behaviour of the crack opening
The seasonal temperature variations imply opening/closing cycles of the cracks in the Basilica. 
Figure 8 about here
The magnitude of the seasonal oscillations depends on the different temperature and restraint conditions of the monitored portions of masonry [3] . Consequently, the opening induced by fluctuations vary from one crack to another, being generally in the range 0.01-0.2 mm.
Time evolution of the crack opening
The crack opening trend provides information on the presence of structural diseases of the building and on the effectiveness of past strengthening interventions. Indeed, cracks that show a constant evolution must be checked periodically to define the most efficient treatment avoiding to compromise irremediably the integrity of the structure.
The data recorded between 2004 and 2014 display a substantial stability of the cracks opening.
In fact, despite some crack opening plots show the presence of a clear decreasing/increasing trend the annual trend of the phenomenon is so slow to be negligible. For instance Figure 9 After this date the opening of the crack doubled and the seasonal oscillation became 10 time bigger.
In detail the opening moves from 6 mm to 11 mm and the amplitude of the oscillation from 0.04 mm to 0.4 mm. 
Figure 9 about here

Effectiveness of the strengthening interventions over time
The 
Seasonal behaviour of the load in the tie-bars
The seasonal temperature variations imply a fluctuation of the tie-bars load. This behaviour is associated to the different thermal expansion coefficient and thermal inertia of masonry and steel, that imply a change of the anchorage condition of the tie-bars. The validity of the above stated relation for all the tie-bars can be easily proved comparing the temperature measured by the thermometers placed on the tie-bars with the cyclic behaviour of the data acquired by the cell-load sensors, as done, for instance, in Figure 10 . The load in the tie-bar monitored by the LC6 is at its minimum in the summer months, therefore in this time of year the strengthening system is less effective. The lower effectiveness of the strengthening system during the summer probably implies the unexpected behaviour of the cracks that evidence their maximum opening in summer. 
Time evolution of the load in the tie-bars
The bars were slightly tensioned at 50 kN in 1987 to avoid the further development of the crack of the Basilica. In 1997 the strengthening system was re-tensioned to compensate the significant stress losses occurred over the decade. The tension force, which had dropped down to about 40 kN, was restored to the initial value [1] . From the re-tensioning no information is available before the 2004 when the static monitoring system was automated. The values of the tie-bars load on January 1 st , 2005 were those reported in Figure 12 . At that date, the tension force showed to vary considerably between tie-bars. Differently from behaviours such those described in [1] , the tie-bar loads measured by the Basilica's monitoring system were even higher than 50kN.
Figure 12 about here
In the following years the force exerted by the hooping, measured on a daily basis, varied with the annual trend reported in Figure 13 , assuming on January 1st, 2014 the value in Figure 14 . 
Figure 15 about here
The simple plot of the data acquired by the cell-load sensors evidences some local anomalies in the loads applied by the tie-bars. Indeed, as shown in Figure 16 , in some specific cases the load trends measured over time do not follow a monotonic behaviour. As a consequence, the behaviours observed for the tie-bars on the East side of the Basilica will require supplementary investigations and analyses.
Figure 16 about here
Trends in measured deformation and stress
The overall dimension of the dome was monitored by two extensometers located at the impost of the dome and along the two main axes of the dome. Figure 17 reports the data acquired by the two extensometers. The oscillatory component is to be entirely ascribed to the seasonal behaviour of the Basilica, independently from the seasonal cycles of the wire. In fact, the direct effect of the changes in temperature was removed using to two wires having different coefficients of thermal expansions. The overall geometry of the dome seems to increase in summer and decrease in winter.
This seasonal behaviour is clearly visible in Figure 17 , where also the evolving trends are reported.
Based on the trends it can be argued that over the decade 2004-2014 the overall dimension of the dome has slightly increased. However this finding will require further investigations, in order exclude instrumental drifts.
Figure 17 about here
Finally, the data acquired by the pressure cells do not present clear trends. Thus, any consideration about stresses in the Basilica must be done with care, possibly relying on multiphysics models.
CONCLUSIONS
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